Imitation plays a key role in social learning and in facilitating social interactions and likely constitutes a basic building block of social cognition that supports higher-level social abilities. Recent findings suggest that patients with schizophrenia have imitation impairments that could contribute to the social impairments associated with the disorder. However, extant studies have specifically assessed voluntary imitation or automatic imitation of emotional stimuli without controlling for potential confounders. The imitation impairments seen might therefore be secondary to other cognitive, motoric, or emotional deficits associated with the disorder. To overcome this issue, we used an automatic imitation paradigm with nonemotional stimuli to assess automatic imitation and the top-down modulation of imitation where participants were required to lift one of 2 fingers according to a number shown on the screen while observing the same or the other finger movement. In addition, we used a control task with a visual cue in place of a moving finger, to isolate the effect of observing finger movement from other visual cueing effects. Data from 33 patients (31 medicated) and 40 matched healthy controls were analyzed. Patients displayed enhanced imitation and intact top-down modulation of imitation. The enhanced imitation seen in patients may have been medication induced as larger effects were seen in patients receiving higher antipsychotic doses. In sum, we did not find an imitation impairment in schizophrenia. The results suggest that previous findings of impaired imitation in schizophrenia might have been due to other cognitive, motoric, and/or emotional deficits.
Introduction
Imitation refers to the translation of perceived actions into executed actions. 1 Imitation is a likely foundation for important social behaviors, ranging from social learning (eg, skill or language acquisition) to the ability to understand the intentions and feelings of others. 2 Imitation also contributes to smoothness, predictability, and feelings of affiliation in social interactions. 3, 4 As such, research on imitation is crucial for understanding disorders that are characterized by impairments in social behavior and may provide a better understanding of the underlying deficits involved in such conditions.
Patients with schizophrenia display impairments that may involve imitation-related systems, including understanding the intentions and feelings of others 5 and they tend to have difficulties with social interactions. 6 Behavioral studies on imitation in schizophrenia suggest that patients are impaired at imitating others [7] [8] [9] [10] [11] [12] , and it has been suggested that schizophrenia constitutes a disorder of imitation. 13 However, there is clear heterogeneity between studies when looking at the biological foundations of the impairment. Some imaging and transcranial magnetic stimulation (TMS) studies find intact activity [14] [15] [16] [17] in the mirror neuron system (MNS)-which is thought to form the neural basis of imitation [18] [19] [20] [21] -during action observation and execution; while others find this activity to be reduced, 22 ,23 altered, 13 or enhanced. 14, 24 The core MNS circuitry includes the pars opercularis of the inferior frontal gyrus and adjacent ventral premotor cortex (Brodmann area 44 and 6) and the rostral inferior parietal lobule as well as the superior temporal sulcus, which processes biological motion.
Several issues also remain unresolved with respect to the behavioral studies. Experimental work within this area can be roughly categorized into 4 domains: imitation can either be voluntary or automatic, and it can be of either emotional (eg, facial expressions) or nonemotional stimuli (eg, manual movements). Studies have primarily focused on voluntary imitation where participants, eg, are required to imitate certain movements. This research has consistently shown that patients make more errors when asked to imitate facial and manual movements [8] [9] [10] [25] [26] [27] [28] and facial expressions 7, 10, 26, [29] [30] [31] compared to healthy individuals.
Meanwhile, research on automatic imitation has been limited, in particular when it comes to imitation of nonemotional stimuli. Such research is important for 3 main reasons. First, voluntary tasks are (to varying degrees) taxing on a range of cognitive processes that are known to be impaired in schizophrenia, 32 but which are not specifically tied to imitation. For instance, voluntary imitation requires working memory, attention to detail, planning, and selfmonitoring of accuracy. It is therefore unclear whether the imitation impairments seen are due to specific imitation deficits or due to general cognitive deficits, which, among other things, should also be expected to impact voluntary imitation. Automatic processes, on the other hand, are generally much less taxing on such cognitive processes. 33 Second, assessing someone's ability to voluntarily imitate is not the same as assessing their tendency to imitate or potential difficulties in the ability to inhibit involuntary imitation. This is important because reduced imitation tendency may result in worse social interactions, 3 while overimitation may result in catatonic symptoms like echolalia or echopraxia seen in schizophrenia. 34, 35 The topdown modulation of imitation and the MNS is subserved by structures related to perspective taking or mentalizing (including medial prefrontal cortex and temporoparietal junction) as well as structures related to general cognitive control processes. Imitation-inhibition and general inhibition processes are thus thought to be at least partially distinct. [36] [37] [38] [39] [40] [41] [42] [43] [44] Interestingly, reduced top-down modulation of imitation has also been associated with reduced mentalizing and perspective-taking ability, 36, 40 abilities known to be impaired in schizophrenia. 45 Third, because patients display a variety of problems in processing of emotions, 46 it is unclear whether a deficit in voluntary or automatic imitation of emotional stimuli 11, 12, 47, 48 would reflect a specific impairment in imitation, or other aspects of emotion processing: eg, differences in visual processing of faces (avoiding salient regions like the eyes and the mouth), 49 the experience of emotional states, or emotional reactions to the stimuli. 50 For instance, a characteristic symptom of schizophrenia is blunted affect. 29, 51 This makes it difficult to distinguish between direct effects of action observation on action execution (imitation) and those mediated by emotional states.
Automatic imitation of nonemotional stimuli has not been studied experimentally in patients with schizophrenia and would overcome the limitations mentioned above. We therefore set out to investigate whether the basic mechanisms of imitation and the top-down modulation of these (imitation-inhibition) are altered in schizophrenia, compared to healthy individuals.
Participants were asked to perform an automatic imitation task, 52 where they performed certain finger movements according to the number shown on a screen, while observing the same or another finger move on the screen. Although the performed finger movements are voluntary, any effect of imitation on these is accidental since participants are not instructed to imitate, and general imitation results in poorer task performance. By assessing automatic processes, we effectively reduce the cognitive load; however, lower level attentional processes are still recruited and may be affected by schizophrenia. We therefore included a control task 52 to be able to delineate imitation and imitation-inhibition from any attentional deficits or deficits in distractor-inhibition (for detailed task description, see Methods). This also allowed us to control for any motor deficits.
We predicted that patients would have slower reaction times (RTs) and make more errors than healthy individuals since patients display cognitive 32 and motor deficits 53 (eg, psychomotor slowing/reduced processing speed 54 ). Importantly, we had 4 core research questions (1-4), we wanted to answer: we were interested in determining whether patients would show deficits beyond those that could be attributed merely to other cognitive or motoric deficits, indicating a specific deficit in either (1) basic imitation or (2) the top-down control of it (ie, imitationinhibition). In addition, since 2 recent studies 13, 22 indicate that antipsychotic medication might normalize putative mirror neuron activity during action observation and imitation, we assessed whether (3) imitation or (4) imitation-inhibition tendency in patients was associated with antipsychotic medication dose. Finally, in case of group differences in imitation or imitation-inhibition, we were interested in assessing whether these were associated with the patients' level of functioning.
Methods

Participants
Thirty-nine patients with an ICD-10 DCR diagnosis of schizophrenia or schizoaffective disorder and 40 matched healthy controls were included in the study. Diagnosis was confirmed using the Schedules for Clinical Assessment in Neuropsychiatry (SCAN). 55, 56 Controls were pairwise matched to the patients according to age, gender, childhood residence, as well as commenced educational level (or parents' educational attainment if higher than the patients') and parental socioeconomic status when possible (see table 1 ). Two of the controls were matched to patients that had to be excluded as they did not fulfill inclusion criteria and one patient did not have a matched control as they did not complete the whole study.
Patients were recruited through the Psychiatric Centre of the National Hospital of the Faroe Islands. Controls were contacted based on their age and gender and, if they fulfilled the inclusion criteria and matched a patient, were offered to participate in the study. Participants were between 18 and 55 years old. Exclusion criteria included current psychoactive substance use disorders (except nicotine), a neurological or medical disorder that could affect brain functioning, and an estimated IQ below 70 based on prior history or testing. In addition, the controls were excluded if they or a first-degree relative had a history of severe mental disorder. The participants were screened for recent use of psychoactive substances (tetrahydrocannabinol/cannabis, opiates, amphetamine, ecstasy, benzodiazepines, cocaine) using a urine stick (NanoSticka 200-32). Patients, without a prescription who had a positive test, were excluded. None of the controls had a positive test. At the time of testing, all but 2 patients were taking antipsychotic medication. We converted antipsychotic doses to chlorpromazine equivalents 57, 58 (see supplementary table 1S for details). Some patients also took other types of medication (see supplementary table 2S) .
Six patients had hand tremor that made it difficult or impossible for them to keep their fingers stable enough to complete the task. Data from these were excluded from the analysis. Data from 33 patients and 40 controls were included in the analysis.
General Procedure
The imitation task was administered as part of a larger battery of cognitive tasks. In addition, symptom severity and level of functioning were assessed with the Scale for the Assessment of Positive/Negative Symptoms (SAPS/ SANS) 51, 59 and the Personal and Social Performance Scale (PSP), 60 respectively (see table 1 ). The study complied with the ethical standards of the relevant national and institutional committees and with the Helsinki Declaration. Written informed consent was obtained from all participants after the procedure had been explained.
Imitation and Effector Priming Control Task
The task is a modified version of the automatic imitation and effector priming control tasks described in Cook and Bird (2011). 52 Briefly, short video sequences of a human hand were presented on a computer screen (see figure 1 ) comprising 4 different conditions in a 2 × 2 factorial design with the factors task (imitation or control) and congruency between the targeted finger on the screen and the required finger movement (congruent or incongruent finger). There were 120 trials in total, 30 for each condition.
Participants were required to place the index and middle fingers of their right hand on the number 1 and 2 (letter N and M on the keyboard), respectively. On each trial, participants had to lift either their index or middle finger as fast as possible according to the number shown on the screen and then replace it on the same key: if "1" was shown, they had to lift their index finger and if "2" was shown, they had to lift their middle finger.
In the imitation task (see figure 1a) , half of the trials depicted an action that was congruent with the required finger movement (eg, index finger lift required and index finger lift shown) and the other half were incongruent. Similarly, in the control task (see figure 1b) , on half of the trials a semi-transparent mask appeared on the finger corresponding to the instructed finger movement (congruent trials), and on the other half, the mask appeared on the opposite finger (incongruent trials, eg, index finger lift required and mask appeared on the middle finger). During the control task, the fingers remained still for the whole trial. Trials were pseudo-randomized so that the same trial type never occurred more than twice in a row. In order to differentiate automatic imitation from spatial compatibility, 52 response movements were orthogonal to stimulus postures (see figure 1) . The task was programed in Presentation v. 16.3 (Neurobehavioral Systems).
Before the testing, participants were given standardized instructions and a practice session where they had to make 8 correct responses in a row to ensure their ability to perform the task. The whole process took approximately 15 minutes.
Data Analysis
As in Cook and Bird (2011), 52 RTs shorter than 150 ms and longer than 2.000 ms were excluded from the analysis. In addition, error trials in which the participant lifted the incorrect finger were removed from the RT analyses. All analyses were run using mixed effects regression models. To assess whether there was a specific imitation (question 1) or imitation-inhibition (question 2) deficit in schizophrenia beyond nonspecific cognitive or motoric deficits, we ran 2 separate models with RTs as outcome and group (schizophrenia, control) by task (imitation, control) as predictors, including only congruent trials to answer question 1 and only incongruent trials to answer question 2 (see table 2 ). The analyses accounted for the pairwise matching of participants (when present), by assigning the matched individuals a common identifier and entering it as a random intercept. Random slopes were included for group, task, and finger (index vs middle finger).
To assess whether there was an association between antipsychotic medication dose and imitation (question 3) or imitation-inhibition (question 4), we ran 2 separate models in the patients only with RTs as outcome and medication dose by task (imitation, control) as predictors, including only congruent trials to answer question 3 and only incongruent trials to answer question 4 (see table 3 ). Random slopes were included for task and finger.
Finally, follow-up control analyses were run to assess whether a potential group difference could be due to generally slower RTs in patients (supplementary table 6S . Both examples are from congruent trials. The first frame in both tasks displayed a resting hand that was shown for 800-2.400 ms. In the imitation task, the second (34 ms), third (34 ms), and fourth frame (500 ms) displayed the number 1 or 2 between the 2 fingers and the lifting movement of one of the fingers. In the control task, the second frame displayed the number 1 or 2 between the 2 fingers and one of the fingers was covered by a mask (display time: 568 ms). The last frame in both tasks was a blank screen, which remained blank until the participant had placed both fingers back on the keyboard. In both tasks, this screen appeared when the participant lifted a finger. Reprinted from Cook and Bird (2012) .
as well as the models assessing that the task worked as expected can be found in supplementary tables 4S-10S. Note, that effect sizes are reported in the form of standardized beta coefficients for all linear models. In case of null results on theoretically meaningful comparisons, we performed a follow-up Bayes factor (BF) analysis on the mixed effects models to assess the evidence in favor of the null hypothesis, with values below 0.3 indicating substantial evidence in favor of the null. For a more detailed explanation of mixed effects models, BF, and the computational implementation, cf. supplementary material.
Results
Errors and Reaction Times
As predicted, patients made more errors than controls (patients: 8.79%, M = 10.55, SD = 7.47; controls: 5.27%, M = 6.33, SD = 6.44). This was the case for all 3 types of errors: wrong finger lifted (β = 0.61, SE = 0.16, z = 3.74, P < .001), RTs shorter than 150 ms (β = 0.98, SE = 0.23, z = 4.34, P < .001), and RTs longer than 2000 ms (β = 0.29, SE = 0.13, z = 2.27, P = .023). Patients also displayed slower RTs across conditions compared to controls (patients: M = 592 ms/trial, SD = 114.97; controls: M = 534.91 ms, SD = 62.66; β = 0.37, SE = 0.14, t = 2.73, P = .01). For details on the error rate for each type of error by condition and group, see supplementary table 3S.
Imitation Effect: Movement Facilitation Due To Imitation vs a Control Cue
When assessing imitation in the 2 groups (question 1), we compared RTs (outcome) in the 2 tasks (imitation, control) by group (predictors), looking at congruent trials only. Controls responded significantly faster to imitation trials compared to control trials. In addition, there was a significant interaction between task and group on RT (see table 2: congruent trials). Specifically, patients showed an even larger difference in RTs between imitation and control trials than the healthy controls, see figure 2a .
To assess whether this larger difference seen in the patients could be due to their generally slower RTs, we assessed the interaction between mean RT during congruent control trials and task (imitation vs control) in the 2 groups separately. For the patients, there was a significant interaction, where the slower the RT, the larger the difference between imitation trials and control trials (β = −0.25, SE = 0.08, t = −3.22, P = .002; supplementary table 6S). In contrast, there was no such relationship in the controls (β = 0.07, SE = 0.10, t = 0.65, P = .518, BF = 0.07; supplementary table 7S).
Imitation-Inhibition Effect: Inhibition of Imitation vs a Control Distractor Cue
Next, we looked at whether the groups responded differently to imitation-inhibition vs distractor-inhibition (question 2), by comparing incongruent trials in the 2 tasks. Controls had similar RTs during inhibition of imitation and distractor cue (BF < 0.001) and there was no significant interaction between task and group (BF = 0.07, table 2: incongruent trials), see figure 2b.
Imitation Tendency, Antipsychotic Medication Dose, and Level of Functioning
Finally, we assessed the influence of antipsychotic medication dose on imitation (question 3) and imitationinhibition (question 4). We first looked at congruent trials in the 2 tasks (imitation, control) for the patients (question 3). We observed a significant interaction between task and medication dose on RTs. Specifically, patients receiving a higher dose showed faster RTs during imitation vs control trials (see table 3: congruent trials). This effect could not be easily explained by slower RTs in patients receiving higher doses, as there was no significant Note: RT = reaction time. The 2 models were defined as: RT = β0 i + β1 i Task + β2 i Group + β3TaskGroup + ε. Note: CPZ, chlorpromazine; RT = reaction time. The 2 models were defined as: RT = β0 i + β1 i Task + β2CPZ + β3TaskCPZ + ε.
association between RT on congruent control trials and medication dose (β = 0.17, SE = 0.14, t = 1.2, P = .24, BF = 0.46). The interaction between task and medication dose remained significant when excluding the 4 patients, who had changes made in their antipsychotic medication within the last 3 weeks prior to testing and adjusting for other types of medication (supplementary table  S8), for symptom severity (supplementary table S9 ), or for level of functioning (supplementary table S10). Note, that there was an interaction between level of functioning and task in this last model, ie, the higher the level of functioning, the faster RTs during imitation vs control trials (β = −0.14, SE = 0.06, t = −2.18, P = .032; supplementary table S10 and supplementary figure S1). When analyzing the incongruent trials (question 4), there was no significant interaction between medication dose and task (BF = 0.22, see table 3: incongruent trials).
Discussion
This study investigated automatic imitation and topdown modulation of imitation in schizophrenia. We found that patients with schizophrenia, although generally slower, displayed enhanced automatic imitation and intact imitation-inhibition compared to matched healthy individuals. The fact that we did not observe reduced imitation in schizophrenia stands in marked contrast to previous reports of imitation impairments in this patient group. However, previous studies assessed either voluntary imitation [7] [8] [9] [10] [25] [26] [27] [28] [29] [30] [31] or automatic imitation of emotional stimuli 12, 13, 32, 33 while not controlling for the cognitive, motoric, and/or emotional deficits associated with the disorder. Thus, it is not possible to assess whether the imitation deficits seen in previous studies were primary or secondary to the aforementioned general deficits. By using an imitation task with nonemotional stimuli and a control task, we were able to delineate imitation-based effects from nonspecific cognitive or motoric effects. Indeed, when controlling for these confounders, patients with schizophrenia do not display the reduced imitation suggested by previous studies. This finding is in line with imaging and TMS studies showing intact [14] [15] [16] [17] or even enhanced 14, 24 MNS activity in patients during action observation or imitation and with work done on social motor coordination in schizophrenia, where spontaneous coordination is preserved. 62 It could be argued that the enhanced imitation seen in patients actually reflects overimitation. Indeed, overimitation is sometimes seen in schizophrenia in the form of symptoms like echolalia or echopraxia. 31, 32 However, there are several factors that suggest that this was not the case. First, patients generally had slower RTs. This may have left more room for "improvement" compared to the controls, ie, the controls could not respond much faster than they already were (floor-effect). The association between longer RTs and larger imitation effect in the patient group supports this hypothesis. Second, there was an association between higher antipsychotic dose and a larger imitation effect even when controlling for potential confounders such as symptom severity. This suggests that the enhanced imitation seen may be medication induced rather than a consequence of the disorder. Third, the larger the patient's tendency to imitate, the higher the level of functioning was seen. This is opposite to what would be expected if the increased imitation indeed reflected a deficit and rather suggests that increased susceptibility to social influence is an advantage for the patients. While no patients with symptoms like echolalia and echopraxia were present in our sample, we would expect them not to show enhanced imitation, but more likely impaired ability to inhibit imitation, consistent with studies on patients with frontal lesions, 40 which may also display symptoms of overimitation. 63 Future studies should test this hypothesis in patients displaying such catatonic symptoms.
The association between higher antipsychotic medication dose and increased imitation tendency is consistent with findings of increased MNS activity when receiving higher doses of antipsychotic medication 13 or when being on antipsychotic medication (compared to off). 22 In these studies, medication was associated with activity more similar to that of the healthy controls, suggesting a therapeutic effect. The underlying mechanism is not understood. We speculate that it could reflect the oxytocinenhancing effect of antipsychotics. 64, 65 Indeed, oxytocin has been shown to enhance MNS activity in healthy individuals 66, 67 and in patients with schizophrenia, 68 and to increase imitation. 69, 70 Future studies could explore this relationship further.
There are certain limitations of our interpretation. First, 31 out of 33 patients were medicated. It is therefore unclear whether unmedicated patients would display similar behaviors as controls. Second, as patients were not randomized to different types or doses of antipsychotic medication, we cannot exclude that unmeasured individual differences accompanying medication dose contributed to the observed effects.
In conclusion, we did not find reduced imitation in schizophrenia. Rather, patients displayed enhanced imitation and intact imitation-inhibition. The enhanced imitation may have been medication induced. The results suggest that previous findings of impaired imitation in schizophrenia may have been secondary to other cognitive, motoric, and/or emotional deficits and that schizophrenia should not be conceptualized as a disorder of imitation. These findings could have important implications for how the imitation system might be harnessed to facilitate social learning and interaction in patients with schizophrenia, as well as contribute to a growing mechanistic model of the social deficits accompanying the disorder.
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Supplementary data are available at Schizophrenia Bulletin online.
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